The purpose of this study is to evaluate the association of abdominal fat thickness with obesity-associated metabolic risk factors. A total of 186 men and 350 women aged 30-78, who were voluntary participants in a communitybased health screening program, were examined for body mass index (BMI), waist circumference (WC), and WC-stature ratio (WCSR). Using the ultrasonographic method, the maximum thickness of the preperitoneal fat layer (Pmax) and the minimum and maximum thicknesses of the subcutaneous fat layer (Smin and Smax) in the abdominal region were measured and the abdominal wall fat index (AFIϭPmax/Smin) was calculated. Each measurement was used as a main predictor in the logistic model where the presence of a metabolic risk factor (high blood pressure, high triglyceride, low high-density lipoprotein cholesterol, high glucose, and high uric acid) was predicted. Common covariates in the models were age, smoking status, drinking habit, and overall physical activity. Both WC and WCSR, which behaved in the same manner as BMI, showed a significant association with the majority of metabolic risk factors, but these anthropometric indices were not independent of the confounding effect of BMI. In relationship with atherogenic dyslipidemia, Smax in women and Pmax in both men and women were significant predictors independent of BMI. AFI was also found to be a BMIindependent predictor of atherogenic dyslipidemia in both genders. In men, AFI and high glucose were not significantly associated; in women, they were inversely associated. No measurement showed a significant association with high uric acid. Results suggest that ultrasonographic evaluation of abdominal fat is useful for identifying those at atherogenic risk. A larger sample of subjects in terms of body composition may be required to confirm the usefulness of ultrasonographic evaluation of high glucose. 
Introduction
For over 50 years, a close association of centralized obesity with diabetes, atherosclerosis, gout, and uric calculous disease has been repeatedly underscored (Vague, 1956 ). Since then, numerous studies have confirmed the increased risk for cardiovascular disease, hypertension, metabolic complications, and mortality due to centrally located body fat (Blair et al., 1984; Folsom et al., 1993; Hartz et al., 1984; Katzel 1993; Kissenbah et al., 1982) . While the pattern of fat distribution has traditionally been determined by measurement of triceps and subscapular skinfold thicknesses, waist circumference (WC), which has been widely used to measure the degree of central fat distribution (Schwingel, 2007a) , is known to be more closely linked to cardiovascular disease (CVD) risk factors than is body mass index (BMI) (Zhu et al., 2002) . Although WC is likely correlated with abdominal fat volume (Kvist et al., 1988) , subcutaneous fat accumulation in the abdominal region cannot be distinguished from intraabdominal visceral fat accumulation, which plays a major role in the development of metabolic syndrome or CVD (Fujioka et al., 1987; Kissenbah, 1996) .
To overcome this methodological limitation of the anthropometric measurement, the use of ultrasonography to evaluate abdominal fat has been suggested as an alternative technique. The ultrasonographic method is highly useful because of the low cost, absence of x-ray exposure, and high correlation with radiographic computed tomography (CT) (Armellini et al., 1990; Leite et al., 2002) . Recently, Suzuki et al. (1993) demonstrated that intra-abdominal fat thickness determined by ultrasonography evidenced a significant correlation with the presence of CVD risk factors, including high blood pressure, dyslipidemia, hyperglycemia, and , Kanami Yamamoto 1) and Yoko Hori 3)
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hyperinsulinemia. Although their report emphasized the value of ultrasonographic measurement of subcutaneous and intraabdominal fat in evaluating metabolic risk, the selected study population included relatively overweight subjects (mean, 28.0 kg/m 2 ; range, 20.3-42.9), the majority (82%) of whom were diagnosed as hyperlipidemic. Hence, the usefulness of ultrasonographic measurement of abdominal fat has been little documented in identifying those who are susceptible to metabolic complications in general populations. For this purpose, we conducted a cross-sectional study to collect data on the anthropometric and ultrasonographic measurements of abdominal fat accumulation, each of which was evaluated for its association with metabolic risk factors.
Methods
The present study was conducted in 1999 with the cooperation of Nishibiwajima Town, a suburban municipality with a population of 16,000 located in central Japan. A total of 247 men and 428 women participated in an annual health screening program for residents of the town at two community centers. The participants underwent a physical examination including height and weight for calculation of BMI (kg/m 2 ), blood pressure measurements, and a fasting blood sample collection for determining serum lipid and plasma glucose concentrations. The participants were asked to respond to a self-reported questionnaire covering medical history, smoking and drinking status, and other lifestyle characteristics. In addition to the ordinary anthropometric measurements, we examined the distribution pattern of abdominal fat by measuring waist circumference (WC) and the thicknesses of abdominal fat layers. WC, defined as the circumference in centimeters at the umbilical level, was obtained using a flexible, plastic tape measure with the subject breathing normally in a standing position. The accuracy of the WC measurement was set to 0.5 cm. Because WC was considered to vary with body height, we adjusted for the effect of height by calculating the WC-stature ratio (WCSR).
Abdominal fat pad thickness was assessed by an ultrasonographic measurement using SonoAce 600 (Medison Japan) according to the method of Suzuki et al. (1993) . Using the linear-array probe (7.5 MHz/40 mm) kept perpendicular to the skin on the upper median abdomen, longitudinal scanning was done from the xiphoid process to the umbilicus along the linea alba of the subject in a supine position. The probe was maintained to make contact as lightly as possible so as not to compress the fat layer. The maximum thickness of preperitoneal fat (Pmax), and the minimum and maximum thicknesses of subcutaneous fat (Smin and Smax, respectively) were measured in millimeters directly from the frozen images on the screen with electronic calipers (Fig. 1) . WC and ultrasonographic measurements were made by a trained nurse and physician, respectively, throughout the study. Moreover, the abdominal wall fat index (AFI) was calculated as the Pmax/Smin ratio, resulting in acquisition of seven fatnessrelated indices in total (i.e., BMI, WC, WCSR, Smin, Pmax, Smax and AFI), 6 of which were later used as predictor variables in the logistic regression model.
In accord with the ATP III report (Expert Panel on Detection Evaluation and Treatment of High Blood Cholesterol in Adults, 2001; Park, 2004) , we defined obesity-associated metabolic risk factors as follows: 1) high blood pressure (BP) as a systolic blood pressure (SBP) Ն140 mmHg or a diastolic blood pressure (DBP) Ն90 mmHg; 2) high triglyceride (TG) as a concentration Ն1.69 mmol/L (150 mg/dL); 3) low highdensity lipoprotein cholesterol (HDL-C) as a concentration Ͻ1.03 mmol/L (40 mg/dL) for men and Ͻ1.29 mmol/L (50 mg/dL) for women; and 4) high glucose as a fasting plasma glucose concentration Ն6.10 mmol/L (110 mg/dL). Because hyperuricemia, though not required for the definition of metabolic syndrome, is thought to be part of metabolic syndrome (Zimmet et al., 2001) , we added the following components: 5) high uric acid (UA) as a concentration Ն0.417 mmol/L (7.0 mg/dL) for men and Ն0.327 mmol/L (5.5 mg/dL) for women. Each of these metabolic risk factors was treated as a binary health outcome in the statistical model.
For definition of covariates, smoking status was categorized as current, past, and never, and drinking as current and other; overall physical activity was categorized into three levels as active, moderately active, and inactive. Age in years was also used as a covariate. Gender-specific covariate-adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for association with BMI as a main predictor variable. BMI was then replaced alternately with either WC, WCSR, Smax, Pmax, or AFI (Model-1). Furthermore, BMI was included as an additional covariate in the logistic model where WC, WCSR, Smax, Pmax, or AFI were treated as main predictors (Model-2). Estimated ORs were customized in all models to correspond to an increment of 1 SD which was calculated using the gender-specific whole population data. This customization was performed to promote comparability of ORs between different logistic models. In order to evaluate the diagnostic validity of those fatness-related indices in the logistic regression models, we calculated the areas under the receiver operating characteristic (ROC) curve (AUCs) after adjustment for the effects of covariates. We calculated the 95% CIs of the AUC based on the nonparametric percentile method, using a bootstrap approach with 1,000 bootstrap samples and without bias corrections (Davison et al., 2003) .
Of the 675 participants who consented to the use of their personal information for data analysis, 139 were not included in the statistical analyses because of missing answers to lifestyle questions, medical history of hypertension, diabetes, dyslipidemia, or malignancy, or insufficient blood sample volume for biochemical assay. Consequently, data from 186 men and 350 women were analyzed separately. We conducted all data storage and analyses using the Statistical Analysis System (SAS) release 9.1 licensed to the Nagoya University Information Technology Center.
The current study protocol was approved by the Ethical Board of the Nagoya University Graduate School of Medicine.
Results
The basic characteristics of the subjects and the prevalence of obesity-associated metabolic risk factors are shown in Table Table 1 Basic characteristics of the study population and prevalence of abnormal metabolic profiles
Men (nϭ186) Women (nϭ350) Mean ( .6%, respectively. Ages ranged widely for both men and women and did not differ significantly on average between men and women. Mean BP, both diastolic and systolic, was significantly higher for men than for women. TG and glucose were significantly higher for men than for women, while HDL-C was significantly lower for women than for men. Men had higher abdominal adiposity than women, as indicated by significantly higher WC and WCSR, whereas the ultrasonographic measurements showed significantly thicker abdominal fat layers for women than for men in Smax and Pmax. AFI was significantly higher in men than in women. The most prevalent of all the obesityassociated risk factors was high BP for both men and women and high glucose for men, followed by high UA. Only Ϸ7% of women carried high glucose.
In the logistic model predicting the presence of high BP (Table 2) , every SD increment of BMI was significantly associated with the estimated ORs of 1.9 (95% CI: 1.3-2.7) and 2.0 (95% CI: 1.5-2.7) for men and women, respectively. Likewise, a significant regression to the presence of risk factors was observed for the increase of WC and WCSR, with the respective ORs of 1.7 (95% CI: 1.2-2.4) and 1.5 (95% CI: 1.1-2.2) in men, and 1.7 (95% CI: 1.3-2.3) and 1.8 (95% CI: 1.3-2.4) in women (Model-1). Similar significant relationships with anthropometric measurements were observed for high TG, low HDL-C, and high UA in men, and low HDL-C, high glucose, and high UA in women. However, BMI adjustment resulted in the disappearance of a significant relationship of all metabolic risk factors with either WC or WCSR (Model-2).
With respect to ultrasonographic measurements (Table 3) , Smax was significantly associated with high BP after BMI adjustment (Model-2) (OR: 1.6, 95% CI: 1.0-2.7) in men and with high TG (OR: 1.8, 95% CI: 1.1-2.9) and low HDL-C (OR: 2.0, 95% CI: 1.3-3.2) in women. As for the prediction of metabolic risk factors with Pmax in Model-2, significant relationships were observed for high BP (OR: 1.9, 95% CI: 1.2-3.1), high TG (OR: 1.6, 95% CI: 1.0-2.6), and low HDL-C (OR: 1.9, 95% CI: 1.1-3.4) in men, and low HDL-C (OR: 1.9, 95% CI: 1.3-2.6) in women. Metabolic risk factors indicating a significant association with AFI in Model-2 was high TG (OR: 1.9, 95% CI: 1.1-3.4) and low HDL-C (OR: 1.9, 95% CI: 1.1-3.4) in men. In women, low LDL-C was also predicted by AFI with a significant OR of 1.4 (95% CI: 1.0-1.8), but high glucose was inversely predicted with a significant OR of 0.6 (95% CI: 0.33-0.99). In both men and women, none of the anthropometric and ultrasonographic measurements was associated with high uric acid in Model-2.
In the logistic model using BMI to predict high blood pressure, the AUCs were estimated at 0.73 (95% CI: 0.57-0.81) and 0.79 (95% CI: 0.75-0.84) for men and women, 10 Waist Circumference and Abdominal Fat respectively; almost equivalent AUCs were estimated when other anthropometric or ultrasonographic measurements were used in Model-2, except for AFI in women (0.73, 95% CI: 0.68-0.82). In Model-2 predicting high TG, low HDL-C, high glucose, or high uric acid, AUCs estimated using WC, WSR, or ultrasonographic measurements as the main predictor were found to be equal to or greater than the AUC estimated using BMI.
Discussion
Visceral fat accumulation in the abdominal region has been considered an important marker for assessing metabolic risks. Development of an inexpensive, convenient means of evaluating the abdominal fat volume has great practical implications for identifying those at high risk of metabolic syndrome in public health settings. Though CT scanning is the standard for determining visceral fat volume in the abdominal region (Kvist et al., 1988) , it is not routinely used. WC or waist-to-hip ratio is often used to evaluate the pattern of body fat distribution (Shimokata et al., 1989a; Shimokata et al., 1989b; Shimokata et al., 1989c) . Though WC has been known to serve as a useful marker of intra-abdominal fat and a strong correlate of visceral adipose tissue, there is a report questioning its accuracy (Ross et al., 1996) . To compensate for this methodological limitation, we employed ultrasonographic measurement of abdominal fat thickness. Whereas there are some variations in determining the anatomical sites to quantify the fat size, we conformed to the procedure proposed by Suzuki et al. (1993) .
The statistical method employed in this study was logistic regression analysis. Another possible approach is the use of an analysis-of-covariance (ANCOVA) model, in which dependent variables are treated as continuous. We found that the ANCOVA was more sensitive than the logistic regression analysis in terms of statistical power in detecting significant relationships (data not shown). However, we did not employ the ANCOVA to model association, since our primary purpose was not to examine linear relationships but to evaluate the effect of fatness on the presence of the metabolic risks and related diagnostic validity.
In a previous study, it was pointed out that use of BMI alone does not account for the wide variation in body fat at any level of body size (Michels et al., 1998) , calling into question the usefulness of BMI as a predictor for identifying those having risk factors. However, our study showed a strong link between BMI and the majority of metabolic risk factors in both men and women, indicating the potential usefulness of BMI to distinguish individuals at risk for metabolic syndrome. We also found a significant relationship between other anthropometric determinations (WC and WCSR) and metabolic risk factors, consistent with previous reports (Han et al., 1995; Hartz et al., OR, odds ratio; AUC, area under the curve; CI, confidence interval; Smax maximum thickness of subcutaneous fat pad; Pmax maximum thickness of preperitoneal fat pad; AFI, abdominal wall fat index; HDL, high-density lipoprotein $ Estimated using a nonparametric bootstrap method 1984; Katzel et al., 1993) . The relatively similar magnitude of ORs associated with every SD increment of these anthropometric measurements means that WC or WCSR is as useful as BMI in predicting the presence of metabolic risk factors. However, these measurements did not seem to be independent of the effect of BMI because the significant relationship disappeared in Model-2, suggesting that BMI is a strong confounder. Our results showed that ultrasonographic measurements behave in a manner somewhat different from anthropometric ones. There are three major zones of adipose tissue, i.e., superficial subcutaneous adipose tissue (SSAT), deep subcutaneous adipose tissue (DSAT) which is delineated by fascial plane, and visceral or intra-abdominal adipose tissue (VAT) (Sniderman et al., 2007) . In this study, we considered that Smax represents the SSAT thickness in the abdominal region, while Pmax stands for the thickness of DSAT which shares common morphologic and functional properties with VAT. Of these three adipose tissue components, SSAT has been known to be least associated with atherogenic dyslipidemia or dysglycemia to date. Our results revealed a significant relationship of Smax with both high TG and low HDL-C in Model-1 and Model-2 for women, whereas there was no such significant relationship in men, suggesting subcutaneous fat accumulation is an independent predictor of atherogenic dyslipidemia in women. Regarding the relationship Pmax with atherogenic risk factors, high BP, high TG, and low HDL-C were well predicted in men, and low HDL-C in women, consistent with numerous lines of evidence that DSAT has as strong an association with atherogenic dyslipidemia as VAT (Sniderman et al., 2007) . Limited evidence has suggested that greater transmembrane fluxes of fatty acids are associated with dyslipidemia (Marin et al., 1992) ; greater efflux of fatty acids in the upper body to the liver results in greater hepatic TG and cholesterol synthesis (Sniderman et al., 1998) . Besides, smaller TG-rich HDL particles produced as a result of increased secretion of very-low-density lipoprotein by the liver tend to be cleared more rapidly than the larger ones (Sniderman et al., 2002) .
Taken together, our results support our assumption that the ultrasonographic measurement of preperitoneal fat accumulation is useful in identifying those who are at risk for atherogenic complications as well in a general healthy population as among patients with clinical dyslipidemia. In addition, this assumption was also corroborated by the results of diagnostic validity examination (Fletcher et al., 1999) , which demonstrated that the ultrasonographic measurements distinguished as well as or better than BMI between those at high metabolic risk and the others, thus indicating their satisfactory sensitivity and specificity. A new possibility must also be borne in mind that SSAT in the abdominal region is also an independent marker identifying women at risk for atherogenic disease. Although the reason for the disparity between our finding and the previous studies reporting that SSAT is only moderately associated with atherogenic dyslipidemia is not clear, we presume that trunk SSAT contributes to some extent to the development of atherosclerosis in women. This speculation is supported in part by the previous literature reporting that not only visceral but also truncal adiposity seems to be related to increased arterial stiffness, and that accumulation of adipose tissue preferentially in the trunk has more adverse effects on cardiovascular risk than does fat stored in peripheral depots (Ferreira et al., 2004) .
A significant correlation of AFI with the ratio of the visceral fat area to the subcutaneous fat area determined by radiographic CT among patients with hyperlipidemia or glucose intolerance was already confirmed (Suzuki et al., 1993) . However, the usefulness of AFI seems to depend on the situation in which it is applied. A previous paper demonstrated no significant correlation of AFI with risk factors for atherosclerosis in nonobese men (Yamamoto et al., 1997) , while another report indicated the usefulness of AFI in evaluating disorders of metabolism among admitted patients with BMI Ն22 kg/m 2 (Kawamoto et al., 2002) . We believe that this disagreement is due largely to differences in population characteristics between studies. Our results suggest that AFI predicts those at high risk of atherogenic dyslipidemia in the general population. Furthermore, relationships between AFI and metabolic risk factors were not affected by the confounding effects of BMI. The estimated ORs and 95% CI before and after adjustment for BMI closely overlapped. This supports the usefulness of AFI for evaluating atherogenic risk in the general healthy population.
Expansion of DSAT and VAT has been repeatedly linked to an increased risk of dysglycemia (Sniderman et al., 2007) . However, our results failed to show significant associations between high glucose and fatness; a lack of such significant associations was also confirmed in the ANCOVA model (data not shown). To our knowledge, the concentration of fasting plasma glucose is not accurately predicted by BMI or other obesity measures in the normal and subnormal range, whereas a clearer relationship was observed when overweight and obese persons were included in the study population (Kawano et al., 2005; Kondo, 2006) . The magnitude of difference in obesity among our subjects might not be large enough to produce sufficient statistical power. In women, an unexpected inverse relationship between AFI and high glucose was observed. The same inverse relationship was also ascertained by a significant unadjusted correlation coefficient between AFI and the plasma glucose concentration in women (rϭϪ0.12) but not in men (pϭ0.5). Although a clear underlying mechanism to explain this relationship remains unknown, we speculated there might be a U-or J-shaped relationship between the plasma glucose concentration and AFI, and the result of our study provided only a segment of the overall picture. Albeit Tamakoshi et al. (2003) revealed a U-shaped association between the plasma glucose level and white blood cell count, which is known to indicate a state of low-grade inflammation, the confirmation of our speculation requires a larger sample with a broader spectrum of anthropometric and metabolic characteristics.
While hyperuricemia is proposed to be part of the metabolic syndrome according to the definition of the World Health Organization (Zimmet et al., 2001 ), significant relationships between high UA and the obesity index determined by anthropometric or ultrasonographic methods were not confirmed in Model-2. This finding is also unexpected because the recent study by Hikita et al. (2007) indicated that serum uric acid was significantly correlated with both the visceral and subcutaneous fat area quantified by the CT scanning of 508 male industrial workers in Japan. However, they studied younger subjects (mean: 47.5 years, range in age: 24-68) than ours, and failed to model covariates. For now, additional and careful consideration for determining the usefulness of ultrasonographic methods for assessing hyperuricemic risk is required.
This study suggests that the ultrasonographic method would provide an advantage over CT scanning in terms of its costeffectiveness and convenience. Use of skinfold thickness also represents a useful method of subcutaneous fat determination. However, this instrument seems to be subject to errors arising from the possible deformity of bulk tissue during reading or varying elastic properties of both fat and skin (Booth et al., 1966) . Cross-sectional data limit this study's results. It is possible that both long-term exposure to a different cultural environment and short-term rapid shift in lifestyle factors impact body composition (Schwingel et al., 2007; Zsolt et al., 2007) . Longitudinal observations allow inferences regarding causal relationships between abdominal fat accumulation and the development of obesity-associated metabolic risk factors.
